The pantropical orchid genus Polystachya comprises approximately 230 species and shows variation in ploidy. For ongoing phylogenetic investigations in this genus, a knowledge of ploidy is necessary. We also looked for a correlation between genome size and guard cell length, so that we could estimate ploidy from preserved material and plants containing high levels of mucilage that are difficult to analyse by flow cytometry (FC). For estimates of ploidy, we measured genome size using FC. For investigations of guard cell lengths and densities, tangential cuts and nail varnish impressions were made. Diploid, tetraploid and hexaploid individuals with genome sizes ranging from 0.58 to 1.80 pg (1C-values) were found. Guard cell length ranged from 15 to 39 mm. The minimum guard cell length was greater in polyploids, but diploid species had a large range of guard cell lengths that encompassed the size range found in polyploids. Although previous studies have found that guard cell length can be used to estimate ploidy in cases in which the genome size range is large, this is not applicable to genera with a small genome size, such as Polystachya.
INTRODUCTION
In angiosperms, the genome size, or 1C-value (the DNA amount in an unreplicated gametic nucleus; Greilhuber et al., 2005) , varies nearly 2000-fold, from 0.065 pg in Genlisea margaretae Hutch. (Lentibulariaceae; Greilhuber et al., 2006) to 127.4 pg in tetraploid Fritillaria assyriaca Baker (Liliaceae; Bennett & Smith, 1976) . In this paper, we use the term genome size as equivalent to the 1C-value (holoploid genome size; Greilhuber et al., 2005) . Most variation in DNA amount is caused by different amounts of noncoding, repetitive DNA, such as pseudogenes, retrotransposons, transposons and satellite repeats (Leitch, 2007) . Species that cope with permanent stress, such as drought or pollution (Vidic et al., 2009) , tend to have small genomes, whereas endangered species tend to have larger genomes (Vinogradov, 2003) . Large-scale investigations have also revealed correlations between genome size, ecological adaptations and phenotypic characters (reviewed in Knight, Molinari & Petrov, 2005; .
The general correlation between genome size and cell size has been long known (Mirsky & Ris, 1951; Bennett, 1972; Price, Sparrow & Nauman, 1973) . In plants, this correlation has been found in many species, encompassing the range of diversity in angiosperms (Bennett, 1972 (Bennett, , 1987 Knight et al., 2005; Beaulieu et al., 2008; and also within species with varying ploidy (for example, Mowforth & Grime, 1989; Melaragno, Mehrotra & Coleman, 1993; Kudo & Kimura, 2002) . In particular, guard cells (specialized epidermal cells that, in pairs, form the stomata on leaf surfaces) have shown a robust correlation with genome size (Masterson, 1994; , and this has led to their use as proxies for genome size or ploidy in studies in which obtaining fresh plant material is difficult or impossible (Masterson, 1994) . Guard cells are particularly suited for such studies for the following reasons: (1) they do not divide and hence do not replicate their DNA, remaining at the G1 phase of the cell cycle (Melaragno et al., 1993) ; this means that, unlike most other plant cell types, there is little chance for guard cells to undergo endopolyploidy; (2) in contrast with many cell types, the vacuole is relatively small and does not disproportionately enlarge the cells; (3) guard cells are readily accessible for study, not only in fresh material but also in herbarium and fossil material.
To date, correlations between genome size and guard cell length have been observed in higher taxonomic surveys across angiosperms and at lower taxonomic levels within genera or even at intraspecific levels [for example, Vanilla planifolia Andrews (Orchidaceae), Bory et al. 2008 (Bory et al., 2008) . Apart from this study on Vanilla planifolia, there has been little research on genome size-guard cell size correlations in orchids and, as genome size estimation using flow cytometry (FC) in some orchids has been problematic (Leitch et al., 2009; J. Suda, pers. comm.) , it was decided to test whether such a correlation between genome size and guard cell size held for the orchid genus Polystachya Hook.
Polystachya belongs to subfamily Epidendroideae, tribe Vandeae, subtribe Polystachyinae van den Berg et al., 2005) . With about 230 species, it is pantropical, with the centre of diversity (c. 200 species) in Africa. It is easily recognized by floral characters such as nonresupinate flowers (in nearly all species) and a conspicuous mentum (chinshaped hood formed by fusion of the lateral sepals and the base of the column). The inflorescence is always terminal and bears one to many flowers that vary in size, colour and morphology of the mentum and lip. All Polystachya spp. show sympodial growth, and stems usually form pseudobulbs that are clustered or spaced out along a creeping rhizome. Most species are epiphytes, but there are also some terrestrials and lithophytes. As in many other genera of Epidendroideae, the basic chromosome number of Polystachya species is x = 20 giving a chromosome number of 2n = 40 in diploid species with some small variation (Hoffman, 1930; Blumenschein, 1960; Jones, 1966; Fedorov, 1969; Podzorski & Cribb, 1979; Russell et al., 2010a) . Prior to this study, no genome size or guard cell size data were available for Polystachya.
The main focus of this study was to assess the diversity of genome sizes and ploidy across Polystachya to complement ongoing phylogenetic studies based on plastid and nuclear DNA sequences (Russell et al., 2010a (Russell et al., , 2010b . In addition, we wanted to see whether guard cell size could be used as a reliable proxy for genome size to enable genome sizes and/or ploidy to be estimated from herbarium as well as fresh material. Epidermal feature data were not collected for all accessions, because the investigation of a correlation between genome size and epidermal features was a minor aim of this study. For phylogenetic studies of low-copy nuclear genes, these data are particularly relevant.
MATERIAL AND METHODS

GENOME SIZE ESTIMATION
Of the 130 accessions investigated, five were from related taxa of Epidendroideae (four species) and 125 from Polystachya accessions (116 individuals, 51 identified species, six unidentified samples). Based on molecular phylogenetic results (Russell et al., 2010a) , we included Neobenthamia gracilis Rolfe within the genus Polystachya, as P. neobenthamia Schltr. For comparisons with related members of Epidendroideae, we used Angraecum sesquipedale Thouars (Vandeae; Angraecinae), Ansellia africana Lindl. (Cymbidieae), Coelia bella Rchb.f., C. triptera G.Don ex Steud. (Coeliinae) and Stolzia compacta P.J.Cribb (Podochileae). All living material was taken from either the living collection at the Botanical Garden of the University of Vienna (HBV) or the Royal Botanic Gardens, Kew (RBG, Kew). For genome size estimations, actively growing root tips or young leaf tips were used. To minimize errors, we used internal standards: leaf tissue from young plants of Pisum sativum L. 'Kleine Rheinländerin' (1C = 4.42 pg; Greilhuber & Ebert, 1994) or Zea mays L. 'CE-777' (1C = 2.73 pg; Doležel et al., 1998) grown in the laboratory. The regular standard was P. sativum, and Z. mays was only used with some samples when P. sativum was not available (see Table 1 ).
Genome size was estimated using FC following the protocols of Temsch (2003) and Doležel, Greilhuber & Suda (2007) , which were modified from Otto (1992) . Until use, plant material was kept in a moist, cool chamber for up to 1 week. The preparation of samples followed Galbraith et al. (1983) . From samples for which fresh root tips were available, approximately 25 mg of root tissue was chopped together with 20 mg of leaf tissue from the standard in 1.1 mL of isolation buffer (0.1 M citric acid, 0.5% Triton X-100, pH~1.5). This cell suspension was filtered through a 30-mm nylon mesh to remove the larger cell debris. To remove RNA, 50 mL RNase A (3 mg mL -1 final RNase A concentration in nuclei suspension: 150 mg) were added to the nuclei suspension and incubated at 37°C for 30 min. The samples were stained with 2 mL propidium iodide solution (0.4 M disodium hydrogen phosphate, 0.1 mM propidium iodide) for approximately 1.5 h in the refrigerator. For samples for which no fresh root tips were available, leaf tissue was used. These tissues contained mucilage compounds and needed special preparation. Approximately 500 mg of sample leaf tissue and 50 mg of Pisum leaf tissue were chopped together in 10 mL of isolation buffer (10 mM magnesium sulphate, 50 mM potassium chloride, 5 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulphonic acid, 6.5 mM dithiothreitol, 1% PVP-40, 0.25% Triton X-100, pH 8; Lee & Lin, 2005) . This cell suspension was kept on ice whilst filtering. To concentrate nuclei, the suspension was centrifuged at 4°C,~120 g for 10 min. After centrifugation, the upper 7 mL were carefully pipetted off. Filtration and RNA digestion were then performed in the same way as for nuclei preparations from root tissue. DNA was stained with 300 mL propidium iodide solution (1 mg mL -1 distilled water) for 20 min at room temperature (~20°C). Measurements were performed using a flow cytometer (CyFlow ML, Partec, Münster, Germany) equipped with a green laser (532 nm, 100 mW) as the excitation light source.
In each sample, three replicates of 5000 particles were measured, and a mean 1C-value of the samples was calculated as follows: 1C-value sample = 2C peak position sample ¥ 1C-value standard/2C peak position standard. Ploidy was estimated from a comparison of genome size data and existing chromosome counts (Hoffman, 1930; Blumenschein, 1960; Jones, 1966; Fedorov, 1969; Podzorski & Cribb, 1979; Russell et al., 2010a) . Preliminary data showed that diploid and tetraploid accessions, for which both chromosome numbers and genome sizes were measured, had discrete genome size ranges, and that genome sizes could be used to estimate ploidy (Suda et al., 2006) reliably. The linearity of the flow cytometer was tested according to Bagwell et al. (1989) . The linearity of the two isolation techniques was tested with two samples of P. fusiformis. In sample 1, we found 1C = 0.63 pg in the root tips and 1C = 0.64 pg in the leaves (SD: 0.006). In sample 2, we found 1C = 0.70 pg in the root tips and 1C = 0.66 pg in the leaves (SD: 0.021).
EPIDERMAL FEATURES
For stomatal guard cell length and density, fresh leaf samples were taken from the material available at HBV. In total, 91 individuals were investigated for epidermal features. Of these 91 samples, one was from Angraecum sesquipedale and 90 (54 species) from Polystachya. From each sample, nearly 100 stomata were analysed.
The leaves were kept moist in the refrigerator until use (less than 1 week). Thin tangential cuts of leaves were placed in a drop of tap water on a microscope slide, covered with a coverslip and examined under a light microscope (Olympus BX50). In addition, clear nail varnish (Look by Bipa) impressions of the epidermis were prepared and examined under the light microscope. The size and number of guard cells were measured on the computer screen with the measuring tool in the program AnalySIS Docu (Olympus Imaging Software).
RESULTS
GENOME SIZE MEASUREMENTS
Of 112 analysed Polystachya individuals, 66 were diploids and 46 were polyploids (39 tetraploid and seven possible hexaploid individuals; Tables 1 and 2 ). In five species, intraspecific variation in ploidy was found (Table 2 ). Genome sizes in diploid Polystachya spp. ranged from 1C = 0.58 pg in P. dendrobiiflora Rchb.f. to 1C = 1.03 pg in P. odorata Lindl. Polyploid Polystachya spp. had estimates ranging from 1C = 1.10 pg in P. bella Summerh. (4x) to 1C = 1.80 pg in P. pubescens (Lindl.) Rchb.f. (6x). Polyploids could be separated into tetraploids (1C = 1.10 pg in P. bella, 1C = 1.58 pg in P. tsaratananae H.Perrier) and hexaploids (1C = 1.69-1.80 pg in P. pubescens). Within diploid species, genome sizes ranged c. 1.8-fold (1C = 0.58-1.03 pg), whereas, for polyploids, the variation was around 1.6-fold (1C = 1.10-1.80 pg). The genome sizes of the related genera ranged from 1C = 1.86 pg in Ansellia africana to 1C = 3.29 pg in Angraecum sesquipedale. Tanaka (1964) . africana and Chardard (1963) found 2n = 38 and 42 in A. sesquipedale. In addition to the normal occurrence of 2C and 4C peaks in the flow histograms, we observed 8C and 16C peaks from endopolyploid nuclei (Fig. 1) . However, in three samples (P. fulvilabia Schltr., P. nyanzensis Rendle and P. odorata), the 2C peaks were missing (although we did not investigate the reasons for these observations). This was deduced from chromosome counts and comparisons of flow histograms from other individuals of the same species and, on the basis of these data, the three samples were identified as diploid. In these cases, we used the position of the 4C peaks to calculate the 1C-values (the calculation was the same as described above, but the final result was halved). Endopolyploidy and sometimes weak or missing 2C peaks made some histograms difficult to interpret correctly. In addition, leaf and floral tissue contained mucilaginous compounds that made FC difficult. We therefore had to use a modified isolation buffer and dilute the mucilage (as outlined in Material and Methods). Although the mucilage was diluted, it still took up to 2 h or longer to filter some samples. Root tip tissue was much easier to process, but availability was limited.
GUARD CELL MEASUREMENTS
The guard cell size measures obtained followed a normal distribution (82 of 90 investigated Polystachya individuals had guard cell sizes between 21 and 35 mm). The smallest guard cells were found in the diploid P. bancoensis Burg (15 mm), whereas the largest were in the diploid P. paniculata (Sw.) Rolfe (39 mm; Fig. 2 ). In polyploids, the smallest guard cells were 22 mm long [P. concreta (Jacq.) Garay & H.R.Sweet], whereas the largest were 38 mm long (P. pubescens).
Overall, the range of guard cell sizes did not differ significantly between diploid (28 mm) and polyploid (29 mm) species (two-tailed t-test, d.f. = 89, P = 0.22).In addition, guard cell density was not significantly different (d.f. = 88, P = 0.09) between diploid (81 mm -2 ) and polyploid (69 mm -2 ) species. In two species [P. fusiformis (Thouars) Lindl. and P. concreta], in which more than one leaf was investigated from the same individual, we found small intraplant differences in guard cell length of 1 and 2 mm and stomatal density of 10 and 16 mm For species that had more than one cytotype, guard cell lengths and densities were often observed to have overlapping ranges. For example, guard cell sizes in diploid and tetraploid P. concreta were 24-25 mm (83-89 stomata mm ). Overall, using linear regression, we found only a weak correlation (R 2 = 0.01) between genome size and guard cell size (Fig. 3) .
DISCUSSION GENOME SIZE DATA FOR POLYSTACHYA
The genome size data presented here are the first reported for Polystachya and represent nearly 25% of Polystachya spp. The species investigated are from nine of the 15 sections recognized and are distributed across the phylogenetic tree (Russell et al., 2010a) . Overall values range c. three-fold, from 1C = 0.58 to 1.80 pg. These estimates fall towards the lower end of genome sizes currently known in Orchidaceae (1C = 0.33-55.4 pg; Leitch et al., 2009) .
We also acquired genome size data for four related genera of Epidendroideae (Angraecum, Ansellia, Coelia and Stolzia of which all but Ansellia represent the first genome size data for these genera; Table 1 ). Their genomes were larger (1C = 1.86-3.29 pg) than those of Polystachya, but fell within the 66-fold range of genome sizes encountered in Epidendroideae (1C = 0.33-19.8 pg). Within tribe Vandeae, the genome sizes of Polystachya spp. are the smallest so far reported and considerably extend the range of genome sizes encountered in this tribe from 8.2-to 17-fold (1C = 0.58 pg in P. dendrobiiflora to 9.8 pg in Gastrochilus D.Don).
Although Orchidaceae are the largest plant family (at least 25 000 species), genome size data are available for less than 1.5% of species. In part, this may be because orchid species often contain mucilaginous or inhibitory compounds that make genome size determination by FC difficult (Greilhuber, 2008 ). An alternative to the mucilage-containing tissues is seed, but orchid seeds are small and thus difficult to handle, and also are often not available. Although other techniques are available for genome size estimation, such as Feulgen microdensitometry, these can be time consuming. A further problem often encountered in genome size determinations of Orchidaceae is the low percentages of cells in the unreplicated cell cycle phase, coupled with endopolyploidy. Together, these factors can lead to the misinterpretation of flow histograms and errors in genome size estimations (see also Suda et al., 2007; Leitch et al., 2009) . However, although both of these problems were encountered in this study, the FC protocols developed for both tissue types enabled accurate genome sizes to be determined and thus our knowledge of genome size in orchids to be increased. 
GUARD CELL SIZES IN POLYSTACHYA
As mentioned in the Introduction, correlations between genome size and guard cell size have been found in broad, phylogenetically diverse analyses across angiosperms and at the species' level among different ploidies. If correlations between genome size and guard cell size were found, either the guard cell lengths between different ploidies did not overlap (for example, Vanilla; Bory et al., 2008) or the large range of genome sizes encountered pulled out the regression line.
In contrast with these previous studies, the guard cell size data from Polystachya were too variable to reveal a clear relationship with genome size (Fig. 3) . For example, the species with the smallest (P. dendrobiiflora, 1C = 0.58 pg) and largest (P. bella, 1C = 1.80 pg) genomes both had the same guard cell length (30 mm). We also found considerable variation in guard cell length between and within individuals of the same species and ploidy [for example, 13 mm difference between 13 individuals of tetraploid P. concreta (22-35 mm) and 10 mm difference between four individuals of P. cultriformis (Thouars) Lindl. ex Spreng.]. Furthermore, even within a species, there was no clear relationship between genome size and guard cell size at different ploidies, as the range of guard cell lengths for diploids and polyploids often overlapped (for example, P. concreta, P. fusiformis). From these observations, we conclude that, for the genus Polystachya, over the narrow range of small genome sizes encountered in this study, the use of guard cell length as a proxy for genome size is not possible. Clearly, other factors, in addition to genome size, are influencing guard cell size in Polystachya. Thus, although a species with a large genome will be expected to have large guard cells (as genome size sets a certain minimum cell size that is possible; Bennett, 1972) , the reverse is not necessarily true, as a species with a small genome could have either small or large guard cells depending on additional factors, such as environmental and/or genetic effects (for example, Nadeau & Sack, 2002; Franks & Beerling, 2009) . Further studies are needed to determine the extent to which the findings of this study are applicable across other genera, not only in Orchidaceae but also other angiosperm families.
Over the broad range of genome sizes observed in plants, guard cell length correlates well, but, when dealing with only small portions of the total range of genome sizes, the two are clearly not tightly covarying. The data presented here indicate the levels of 'noise' in this generally predictable set of relationships, and are probably typical of what can be expected when making comparisons among closely related species in all groups of plants. We should not be surprised that the level of noise in this study of plants with a narrow range of genome sizes swamps what is otherwise a clear pattern.
